Crystal structure searching and ab initio calculations have been used here to explore low-energy structures of boron carbides under high pressure. Under pressures of 85-110 GPa, a metastable B 6 C with R 3 m symmetry is found to be energetically more stable than the mixture of previous B 4 C and elemental boron. This B 6 C is a rhombohedral structure and contains mooncake-like B 24 clusters with stuffing of C 2 pairs. The mechanical and dynamical stabilities of this structure at ambient pressure are confirmed by its elastic constants and phonon dispersions. The bulk modulus and shear modulus of this newly predicted B 6 C at ambient pressure reach high values of 291 GPa and 272 GPa, respectively. The Vickers hardness is calculated to be around 48 GPa, and its melting temperature at ambient pressure is estimated to be around 2500 K, indicating that this metastable B 6 C is a potential superhard material with very good thermal stability.
this work. The formation enthalpy of B-C compounds is defined as,
h(BxCy) = [H(B x C y ) − xH(B) − yH(C)]
/ (x + y), (1) where H(B x C y ), H(B), and H(C) are enthalpies for B x C y formula unit, stable elemental boron (α-B 12 , γ-B 28 , and α-Ga phases), and graphite or diamond-structured carbon respectively. The enthalpy difference between various compounds is calculated by equation mixed with energetically stable element under certain pressures, i.e. Here H(B x/y C) represents the enthalpy for one B x C y formula unit if x/y < 1.
∆H(B x C y ) = [H(B x/y C) + mH(B) + nH(C) − H(B 4 C)]
As shown in Fig. 1a ), the formation enthalpy sequence of three elemental borons (α-B 12 , γ-B 28 and α-Ga) is in good agreements with the theoretical results in Ref. [3] . At pressures <18 GPa, the B 4 C framework tends to be formed from pure boron and diamond carbon. The formation enthalpy confirms the metastability of the previously known BC 3 (layered hexagonal) and BC 5 (diamond-like) [64] .
We find that the B 6 C compound predicted in this work, as shown in Fig. 1a ), possesses the lower formation enthalpy than that of the metastable layered hexagonal BC 3 and diamond-like BC 5 [23] under the pressure in a wide range of 22-200 GPa, which have been calculated to transform into experimentally observed diamond-like BC 3 and BC 5 [23, 25] , respectively. Although the lowest formation enthalpy of B 6 C is calculated to be positive, around 82 meV/atom under pressure of 50 GPa. However, the enthalpy of B 6 C is about 7 meV/atom lower than that of experimentally synthesized BC 3 and 22 meV/atom lower than the well-known B 4 C at 100 GPa, as shown in Fig. 1b ). This indicates that B 6 Since the formation energy of B 6 C is the lowest one under 50 GPa, we discuss the temperature effects on the Gibbs free energy (E G ) at this pressure point. E G of electronic and phonon vibrations at a constant volume with a temperature range of 0-2000 K is calculated by the PHONOPY [60] using the quasi-harmonic approximation (QHA) [67] . The formation Gibbs free energy (∆E G ) at 50 GPa is calculated by the similar Eq. (1). The black solid line in Fig. 1c) shows that above 500 K, the temperature has larger influences on the ∆E G of B 6 C structure than that below 500 K. ∆E G decreases from 71 meV/atom at T = 0 K to about 42 meV/atom at T = 2000 K. The 11 meV energetically lower at T = 0 K than the formation enthalpy energy in Fig. 1a) , is contributed by the ZPE difference between B 6 C and elements. E G of B 6 C calculated by formula (2) keeps almost 90 meV/atom lower than that of B 4 C under 100 GPa in a wide temperature range of 0-2000 K, indicating the energetical advantages over synthesized B 4 C phase and the possible reaction of B 4 C + 2B → B 6 C under the HPHT condition. The simulated XRD results of B 6 C (blue curve) and B 4 C (red one) are exhibited in Fig. 1d ). The strongest diffraction peak of B 6 C at around 8.5 ○ shifts about 0.3 ○ from that of B 4 C.
Crystal structure, ELF and Fermi surface results
The space group of the predicted B 6 To discuss the mechanical stability of the B 6 C structure, we study whether symmetry-related elastic constants fulfill mechanical stable conditions or not. For trigonal symmetry (restricted to classes 32, 3 m, 3m [68] ), one has six independent elastic constants, i.e. C 11 = C 22 , C 33 , C 12 , C 13 = C 23 , C 14 = C 56 = −C 24 , C 44 = C 55 ; C 66 = (C 11 − C 12 )/2, all other Cij = 0. The elastic constants of B 6 C calculated shown in Table 1 shown in the lower panels in Fig. 4 , which demonstrates pressure has pretty small effect on the electronic structures of this B 6 C phase and also indicates that this phase is very stiff. 
Vickers hardness calculations

Electron-phonon coupling effect
The van Hove singularity and cylinder-like Fermi surface along the L-Γ direction inspired us to explore the electron-phonon coupling and the possible BCS superconductivity of B 6 C. As shown in Fig. 5 , a large range of the spectrum are which is increased a little compared with that at 0 GPa. However, the ω log is decreased to 246.0 K. And the T c of B 6 C at 100 GPa is estimated to be around 10.4 K. Using the adjustable µ * = 0.13, Tc of B 6 C is calculated to be around 9.6 and 8.3 K at pressure of 0 and 100 GPa, respectively.
Conclusion
Using crystal structure searching based on ab initio calculations [42] , a metallic boron subcarbide B 6 C [space group: R 3 m (No. 166)] is found. The thermodynamic stability, mechanical properties and the electron-phonon coupling of this B 6 C phase are studied throughout. This B 6 C structure consists of mooncake-like B 24 clusters stuffing with dumbbell-like C 2 pairs. is predicted to be energetically more stable than mixture of boron carbide (B 4 C) and elemental boron under HPHT, and can be metastable at ambient pressure. Its elastic constants are found to fulfill the mechanical stability requirements of this rhombohedral structure. And the phonon spectra of this structure, both at 0 and 100 GPa, show its dynamical stability. This R 3 m B 6 C is also thermally stable with a high melting point of about 2500 K. The calculated Vickers hardness of this B 6 C at 0 GPa reaches a high value of about 48 GPa and its superconducting critical temperature is estimated to be around 12.5 K and 10.4 K at 0 and 100 GPa, respectively. These results indicate this newly predicted B 6 C is a superhard and superconducting material, which might have potential applications under some particular circumstances. Inset is the statistically average B 6 C supercell. The NpT ensemble with a Langevin thermostat [74, 75] is employed in the simulation running for 12 ps. b) The melting temperature at ambient pressure (around 2500 K) estimated using Z method for B 6 C by AIMD simulations with the NVE ensemble [76] . All MD simulations are performed using a 2 2 2 × 2 × supercell of B 6 C with 336 atoms.
Table 1.
The elastic constants (Cij (GPa)), bulk and shear moduli (B and G (GPa)) and Vickers hardness of α-B 12 , diamond and boron carbides from our DFT calculations under ambient pressure, compared with others' works. The elastic constants in this work were calculated by the VASP code [48] employing PBE-D3 (BJ) methods [49] [50] [51] . Hvc and Hvg represent the Vickers hardness estimated by the model of Chen et al. [55] and Guo et al. [ 
